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The ability of cells to faithfully duplicate their two
centrioles once per cell cycle is critical for proper
mitotic progression and chromosome segregation.
Multiciliated cells represent an interesting variation
of centriole duplication in that these cells generate
greater than 100 centrioles, which form the basal
bodies of their motile cilia. This centriole amplifica-
tion is proposed to require a structure termed the
deuterosome, thought to be capable of promoting
de novo centriole biogenesis. Here, we begin to
molecularly characterize the deuterosome and iden-
tify it as a site for the localization of Cep152, Plk4,
and SAS6. Additionally we identify CCDC78 as a
centriole-associated and deuterosome protein that
is essential for centriole amplification. Overexpres-
sion of Cep152, but not Plk4, SAS6, or CCDC78,
drives overamplification of centrioles. However, in
CCDC78 morphants, Cep152 fails to localize to the
deuterosome and centriole biogenesis is impaired,
indicating that CCDC78-mediated recruitment of
Cep152 is required for deuterosome-mediated
centriole biogenesis.
INTRODUCTION
The ability of ciliated epithelia to generate directed fluid flow is
a critical component of tissue function in multiple contexts,
such as proper neural development, egg migration through
the oviduct, and mucus clearance in the respiratory tract
(Afzelius, 1976; Dirksen and Satir, 1972; Sawamoto et al.,
2006). Loss of directional fluid flow leads to deleterious pheno-
types including hydrocephaly, infertility, and respiratory
dysfunction (Bush et al., 1998). The skin of Xenopus embryos
is comprised of a multiciliated epithelium similar to that found
in the vertebrate airways, oviduct, and ependyma (Werner and
Mitchell, 2011). This tissue consists of various cell types
including multiciliated cells (MCCs) that contain numerous
motile cilia that beat in a concerted manner to generate
directed flow.
To generate multiple cilia, MCCs must first undergo
a massive centriole amplification that will generate hundreds
of centrioles (Dirksen, 1971; Kalnins and Porter, 1969; Sorokin,
1968). Centriole amplification occurs deep in the cell and isDevelopmfollowed by an apical migration of centrioles that ultimately
dock with the apical surface and become the basal bodies of
the motile cilia. Numerous groups have used electron micro-
scopic (EM) techniques to describe two modes of centriole
amplification in the MCCs of multiple systems including
the Xenopus skin, mouse ependyma, and numerous verte-
brate respiratory tracts and oviducts (Anderson and Brenner,
1971; Sorokin, 1968; Staprans and Dirksen, 1974; Steinman,
1968).
The first mode resembles typical centriole duplication in that
daughter nucleation occurs orthogonal to the mother centriole.
However, instead of a single daughter nucleating off the mother
centriole, multiple daughters nucleate simultaneously. This is
reminiscent of centriolar rosettes that have been observed
around the mother centriole in cycling cells in which the critical
centriolar components Polo-like kinase 4 (Plk4), Cep152, or
SAS6 have been manipulated (Dzhindzhev et al., 2010; Kley-
lein-Sohn et al., 2007; Peel et al., 2007). However, while it is
common to have supernumerary centrioles, these mutant cells
typically have less than ten, suggesting that mother centriole-
driven duplication alone cannot account for the approximately
150 centrioles found in MCCs.
A second ‘‘acentriolar’’ mode of amplification has been
described in which centrioles nucleate de novo without a mother
centriole. Instead of forming clusters around a mother centriole,
nascent centrioles bud off of a nondescript electron-dense
structure termed the deuterosome (Dirksen, 1971; Kalnins and
Porter, 1969; Sorokin, 1968; Steinman, 1968). The deuterosome
has also been called the precursor body as well as the conden-
sation form because it is thought to condense from amorphous
filamentousmaterial known as the fibrogranular complex (Ander-
son and Brenner, 1971; Staprans and Dirksen, 1974). In MCCs,
the fibrogranular complex and deuterosomes are distinct from
fibrous granules that are thought to be synonymouswith the cen-
triolar satellites that are found concentrated at the pericentriolar
material (PCM) around centrosomes. While PCM-1 has been
identified as a component of the fibrous granules, it is not located
at the deuterosome (Kubo et al., 1999; Vladar and Stearns,
2007).
Based on detailed EM analysis, the acentriolar mode of ampli-
fication has been proposed to account for the vast majority of
centriole biogenesis in MCCs (Anderson and Brenner, 1971;
Sorokin, 1968). Here we describe the fortuitous finding of a
particular GFP fusion construct of CCDC78 that localizes specif-
ically to an acentriolar structure at the center of centriolar clus-
ters in MCCs undergoing amplification, allowing us to begin
analyzing the molecular makeup and regulation of deutero-
some-mediated centriolar biogenesis.ental Cell 27, 103–112, October 14, 2013 ª2013 Elsevier Inc. 103
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CCDC78 Is a Specific Centriole-Associated/
Deuterosome Protein
We initially identified coiled-coil domain containing protein 78
(xCCDC78) as a gene highly upregulated in the ciliated epithelia
of Xenopus embryonic skin during the developmental window of
centriole biogenesis (Stubbs et al., 2008). The xCCDC78 gene
encodes a 559 amino acid protein containing multiple coiled-
coil domains but no other predicted functional domains.
CCDC78 has recently been genetically implicated in congenital
myopathy, although the biochemical nature of this remains
obscure (Majczenko et al., 2012). In the ciliated epithelium of
Xenopus embryos, a C-terminal GFP tagged construct of
xCCDC78 (xCCDC78-GFP) localizes weakly at the numerous
centrioles in the MCCs (Figure 1A). We observe considerable
association between xCCD78-GFP and centrioles marked with
Centrin4-RFP (97% ± 0.65, n = 9 cells; Gavet et al., 2003).
Furthermore, xCCDC78-GFP localizes strongly to additional
foci specific to MCCs (Figure 1A). These foci do not colocalize
with the core centriolar component Centrin4, indicating these
xCCDC78-GFP foci are acentriolar structures (Figure 1A, inlay;
Gavet et al., 2003). The EM literature describes an acentriolar
MCC-specific structure, the deuterosome, involved in the de
novo formation of nascent centrioles. Based on the data pre-
sented below, we propose that xCCDC78 localizes to centrioles
and the molecularly uncharacterized deuterosome. However,
future work using immuno-EM based experiments will be
required to definitively determine the precise subcellular locali-
zation of CCDC78.
N-Terminal-Tagged CCDC78 Is a Specific Identifier of
the MCC-Specific Deuterosome
Interestingly, an N-terminal tagged version of xCCDC78 (GFP-
xCCDC78) failed to localize to centrioles as marked by either
Centrin4-RFP or g-tubulin but continued to localize to the acen-
triolar foci inMCCs (Figures 1B, 1C, and 1E;Muresan et al., 1993;
Park et al., 2008). During centriole amplification we find these
foci clustered at the site of centriole biogenesis adjacent to
nascent centrioles, consistent with our interpretation that these
foci represent the deuterosome (Figure 1E; Figure S1B available
online). We quantified the number of centrioles budding off of a
given deuterosome in the MCCs of the mouse tracheal epithe-
lium using EM and in Xenopus using Centrin4-RFP to mark the
centrioles and GFP-xCCDC78 to mark the presumptive deuter-
osome (Figures S1A and S1B). In both cases, deuterosomes
are often found unoccupied by growing centrioles. Furthermore,
while they are capable of nucleating many centrioles simulta-
neously, it is more common for them to nucleate only one or
two centrioles at a time (Figures S1A–S1C and S2A). Thus,
GFP-xCCDC78 foci surrounded by Centrin4-RFP-positive cen-
trioles resemble the in vivo configuration of deuterosome/
centriole complexes precisely, suggesting that GFP-xCCDC78,
in fact marks the deuterosome. In mature MCCs that have
completed centriole biogenesis, GFP-xCCDC78 is found in foci
near the apical surface, but below the apically docked centrioles
(i.e., basal bodies; Figures 1B and 1C). We injected in vitro syn-
thesized mRNA encoding GFP-xCCDC78 at the two-cell stage
that results in ubiquitous protein synthesis in all epithelial cells104 Developmental Cell 27, 103–112, October 14, 2013 ª2013 Elsev(Werner and Mitchell, 2013). Interestingly, localization of the
GFP-xCCDC78 protein is restricted to distinct foci specifically
in MCCs, indicating that GFP-xCCDC78 localizes to a structure
specific to these cells (Figure 1G).
We next wanted to test this MCC-specific protein localization
in Xenopus skin. MCCs typically form a punctate pattern across
the surface of the epithelium, but ectopic expression of the gem-
inin-like protein Multicilin (MCIN) has been shown to convert all
outer epithelial cells into MCCs (Stubbs et al., 2012). To test
this MCC-restricted localization, we coinjected mRNA encoding
GFP-xCCDC78 with mRNA encoding a dexamethasone (Dex)-
inducible MCIN. Injected embryos treated with Dex contain
epithelia comprised entirely of MCCs, marked by the presence
of numerous Centrin4-RFP marked centrioles on the apical
surface of every cell. We found that these cells now all contain
foci of GFP-xCCDC78, indicating the subcellular localization of
GFP-xCCDC78 protein is indeed restricted to MCCs and that
deuterosome formation is downstream of MCIN in the MCC
differentiation program (Figure 1H).
CCDC78 Protein Localization Is Conserved in
Vertebrates
The discrepancy between the C-terminal and N-terminal GFP
constructs of xCCDC78 led us to test the localization of this pro-
tein in other systems. Consistent with the data from Xenopus, in
the MCCs of mouse tracheal epithelial cells (MTECs), N- or
C-terminal GFP fusions of xCCDC78 and hsCCDC78 as well
as immunofluorescence (IF) of the endogenous protein using
two CCDC78 antibodies reveals localization to centrioles and
an acentriolar cluster (Figures 1F and S2B). The acentriolar clus-
ters in MTECs are significantly larger than the foci in Xenopus or
what would be predicted to be deuterosomes based on the EM
literature, suggesting the CCDC78 localization may represent a
less discrete structure in these cells, perhaps localizing to the
fibrogranular material from which the deuterosome condenses
(Figures S2A and S2B). Finally, both GFP fusions of hsCCDC78
and CCDC78 antibody labeling reveals localization to the centri-
oles in human RPE-1 cells, with a bias for the mother centriole
(Figures S2C and S2D). These results indicate that CCDC78 is
a centriole-associated protein that also localizes to a MCC-spe-
cific structure, the presumptive deuterosome. Our localization
studies indicate a conserved commonality of CCDC78 protein
enrichment to sites of centriole biogenesis. Additionally, the
localization of GFP-xCCDC78 specifically to acentriolar sites of
centriole biogenesis, but not centrioles, provides a powerful
tool for the molecular characterization of this structure. These
observations prompted us to use this construct as a tool to
define the localization of other proteins involved in centriole
duplication in relation to the GFP-xCCDC78 foci.
CCDC78 Is Required for Proper Centriole Amplification
in MCCs
Localization of GFP-xCCDC78 to the acentriolar deuterosome
led us to test whether centriole amplification in MCCs was
regulated by xCCDC78 using morpholino oligonucleotide
(MO)-mediated knockdown. MCCs vary considerably in size
yet maintain a constant ratio of centrioles per square micron of
apical surface. We quantified the number of centrioles per
square micron in wild-type embryos and embryos injected withier Inc.
Figure 1. MCC-Specific Localization of xCCDC78
(A) Colocalization of C-terminally tagged xCCDC78-GFP with the centriole marker Centrin4-RFP (inlay shows a separate acentriolar foci of xCCDC78-GFP
localization not colocalizing with Centrin4). Scale bar, 2 mm.
(B and C) Localization of N-terminal-tagged GFP-xCCDC78 to an acentriolar structure below the apically fused centrioles (i.e., basal bodies) marked with either
Centrin4-RFP (B) or g-tubulin (C). Scale bars, 2 mm.
(D) Transmission EM micrograph from MTECs depicting a deuterosome (arrowhead) with nascent centrioles forming around it. Scale bar, 0.5 mm.
(E) Localization of GFP-xCCDCD78 to the center of nascent centriole clusters (arrowheads) marked by Centrin4-RFP during the process of centriole biogenesis.
Scale bar, 2 mm.
(F) Localization of GFP-hsCCDC78 to centrioles marked with pericentrin and to an acentriolar structure in MTECs. Scale bar, 2 mm.
(G and H) MCC-specific localization of GFP-xCCDC78, which is punctate in wild-type ciliated epithelia (G) and becomes ubiquitous in MCIN-induced ciliated
epithelia (H). Scale bars, 10 mm.
See also Figures S1 and S2.
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four-cell Xenopus embryos with mRNA encoding Centrin4-RFP
together with either a start site MO (MOATG) or a splice site MO
(MOSPL) targeting xCCDC78. Both the MOATG and the MOSPL re-
sulted in a significant decrease in the number of centrioles gener-
ated (Figure 2D). Injection of both the MOATG (or MOSPL) and the
GFP-xCCDC78 construct not targeted by the MO resulted in aDevelopmsignificant rescue of centriole number (Figures 2C and 2D).
Importantly, this rescue can occur with the GFP-xCCDC78,
which only localizes to the deuterosome, suggesting this is the
critical site of its function and indicating a role for CCDC78 in
an acentriolar centriole amplification pathway (Figures 2C and
2D). Loss of centrioles is also rescued using RFP-hsCCDC78
suggesting the protein is functionally conserved throughoutental Cell 27, 103–112, October 14, 2013 ª2013 Elsevier Inc. 105
Figure 2. xCCDC78 Is Required for Proper Centriole Amplification in MCCs
(A–C) Representative images of a wild-type MCC (A), CCDC78 morphant (B), and morphant rescued with GFP-xCCDC78 (C) that are coinjected with Centrin4-
RFP to mark centrioles and stained with Phalloidin to mark cell boundaries. Scale bar, 5 mm.
(D) Quantification of centrioles per square micron surface area in MCCs of wild-type embryos (n = 75 cells) or embryos injected with CCDC78 MOATG (n = 36, to
wild-type p < 0.002), CCDC78 MOATG + GFP-xCCDC78 (n = 64, to MOATG p < 0.002), CCDC78 MOATG + RFP-hsCCDC78 (n = 49, to MOATG p < 0.002), CCDC78
MOSPL (n = 58, to wild-type p < 0.002), or CCDC78 MOSPL + GFP-xCCDC78 (n = 32, to MOSPL p < 0.02). Error bars, SD.
(E) Quantification of centrioles per square micron surface area in Dex-treated MCIN-induced ciliated epithelia comparing cells that would normally have become
MCCs (original) and outer cells converted into MCCs (induced) with (MCCs n = 24, MCIN MCCs n = 60) or without xCCDC78 MOATG (MCCs n = 39, p < 0.002;
MCIN MCCs n = 63, p < 0.002). Error bars, SD.
See also Figure S3.
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are morphologically normal and we observe no significant de-
fects in centriole duplication in non-MCCs (Figures S3A and
S3D). This result suggests CCDC78 is not essential for cell cycle
regulated centriole duplication, but is specifically required for the
deuterosome mediated centriole amplification that is restricted
to MCCs.
Localization of GFP-xCCDC78 in MCIN induced ectopic
MCCs (Figure 1H) suggests CCDC78 is downstream of MCIN
in the regulation of centriole biogenesis. To test this, we repeated
our MO experiments in embryos expressing MCIN and found
that ectopic MCCs also have a significant decrease in the num-
ber of centrioles generated (Figure 2E). Therefore, both wild-type
and ectopic MCCs require functional xCCDC78 to generate
proper centriole numbers and CCDC78 is a critical downstream
component of MCIN-induced MCC specification.
Depletion of CCDC78 Leads to Loss of Tissue-Level
Cilia-Driven Fluid Flow
The normal gross morphology of xCCDC78 morphants led us to
ask whether there was a physiological consequence of
xCCDC78 depletion. The primary function of MCCs in numerous
biological contexts is to generate directed fluid flow (Marshall106 Developmental Cell 27, 103–112, October 14, 2013 ª2013 Elsevand Kintner, 2008). The importance of cilia driven fluid flow is
revealed in patients with primary ciliary dyskinesia (PCD) who
present with numerous developmental and physiological prob-
lems including increased risk of hydrocephalus and respiratory
infections (Bush et al., 1998). We found that xCCDC78 mor-
phants have a significant decrease in cilia-generated fluid flow
as measured by the displacement of fluorescent beads across
the surface of the embryo (Figure S3B; Werner and Mitchell,
2013). This loss of flow is consistent with the decrease in cilia
that occurs as a result of the centriole biogenesis defect (Fig-
ure S3C). Importantly, the loss of flow is significantly restored
in embryos where the centriole biogenesis defect is rescued by
expression of GFP-xCCDC78 (Figure S3B).
GFP-CCDC78 Transiently Colocalizes with SAS6 but Not
Centrin4 or g-Tubulin
In an effort to identify components of the deuterosome, we per-
formed colocalization experiments with proteins known to be
involved in centriole duplication. We performed these experi-
ments both ‘‘early’’ when the deuterosomes are deep in the
cell undergoing centriole biogenesis and ‘‘late’’ when mature
MCCs have complete centriole amplification and the deutero-
somes are just below the apical surface (Figure 3). In MCCsier Inc.
Figure 3. Localization of Key Components of Centriole Biogenesis to the Deuterosome during Centriole Amplification
(A–E) Localization of GFP-xCCDC78 during centriole amplification with centriolar components centrin4-RFP (A), g-tubulin (B), RFP-SAS6 (C), RFP-Cep152 (D),
and GFP-Plk4 with RFP-xCCDC78 (E) (pseudo-colored for consistency). Scale bars, 0.5 mm.
(F) Localization of GFP-xCCDC78 in mature MCC that has completed centriole biogenesis with RFP-SAS6.
(G) Localization of GFP-Plk4 and RFP-xCCDC78 in a mature MCC (pseudo-colored for consistency). Scale bars, 2 mm.
(H) Localization of RFP-Cep152 in mature MCCs to the acentriolar structure not marked by GFP-Centrin4. Scale bar, 2 mm.
See also Figure S4.
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not see colocalization of GFP-xCCDC78 with the MCC centriole
markers Centrin4-RFP and g-tubulin confirming that the foci are
acentriolar (Figures 1B and 1C).DevelopmDuring centriole assembly, there is a temporal hierarchy of
structural proteins added to the growing centriole (Brito et al.,
2012; Delattre et al., 2006). One of the earliest components,
SAS6, is capable of establishing the initial 9-fold symmetricental Cell 27, 103–112, October 14, 2013 ª2013 Elsevier Inc. 107
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Kitagawa et al., 2011; van Breugel et al., 2011). Importantly,
RFP-SAS6 localizes to centrioles in both nonciliated cells (i.e.,
centrosomes) and in MCCs (i.e., basal bodies). As the MT-based
centriole grows, numerous other proteins become incorporated,
including centrins and g-tubulin (Brito et al., 2012). While we do
not see colocalization of GFP-xCCDC78 with Centrin4-RFP or
g-tubulin we do see a transient colocalization with RFP-SAS6
in clusters of nascent centrioles, suggesting that this early struc-
tural component is recruited to the deuterosome during the initi-
ation of centriole formation (Figures 3A–3C and S4A). In mature
MCCs that have completed centriole biogenesis, there is no
colocalization of RFP-SAS6 and GFP-xCCDC78 despite the
continued localization of RFP-SAS6 at centrioles (Figure 3F).
This continued localization of SAS6 in centrioles but not the
GFP-xCCDC78 foci supports our claim that this structure repre-
sents the acentriolar deuterosome.
Plk4 Localizes to the Deuterosome
Cell-cycle-regulated centriole duplication is well characterized
and numerous regulators have been identified including Plk4
and Cep152 (Blachon et al., 2008; Cizmecioglu et al., 2010;
Dzhindzhev et al., 2010; Habedanck et al., 2005; Hatch et al.,
2010; Sillibourne et al., 2010). Plk4 is known in multiple systems
to be the critical initial regulator of centriole biogenesis (Betten-
court-Dias et al., 2005; Habedanck et al., 2005; Pearson and
Winey, 2010). In Xenopus embryos, injection of mRNA encoding
GFP-Plk4 leads to early embryonic lethality consistent with the
role of Plk4 in centriole duplication and the detrimental effects
of its misregulation (Brownlee and Rogers, 2013). We therefore
used plasmid DNA injections in which the a-tubulin promoter,
which restricts expression to postmitotic MCCs, was used to
drive expression of GFP-Plk4 (Stubbs et al., 2006). Using this
construct, we found that GFP-Plk4 strongly colocalized with
the deuterosome as marked with RFP-xCCDC78 in clusters of
forming centrioles and also colocalized with nascent centrioles
as marked with Centrin4-BFP (Figures 3E and S4C). In mature
cells, GFP-Plk4 is still strongly enriched at the deuterosome
and continues to be localized at the centrioles (Figures 3G and
S4D). Surprisingly, the overexpression of Plk4 in MCCs did not
significantly alter the number of centrioles generated, suggesting
that Plk4 is not the rate-limiting factor in centriole formation in
MCCs (147 ± 65 versus wild-type 165 ± 27, p = 0.33, n = 21
and 75 cells).
Cep152 Localizes to the Deuterosome and Is Rate
Limiting for Centriole Amplification
The maintenance of Plk4 at mother centrioles is mediated by
Cep152 (Cizmecioglu et al., 2010; Dzhindzhev et al., 2010; Hatch
et al., 2010). We have observed in centriolar clusters that RFP-
Cep152 colocalizes to both deuterosomes and the nascent
centrioles during centriole amplification (Figures 3D and S4B).
Additionally, we continue to observe RFP-Cep152 localization
to the deuterosomes of mature MCCs, while we lose localization
to the centrioles (Figures 3H, S4D, and S4E).
While the overexpression of Plk4, SAS6, or CCDC78 did not
alter centriole number, the overexpression of Cep152 leads to
a dramatic increase in both MCC size and the number of centri-
oles generated (Figures 3H and 4C). The increase in centriole108 Developmental Cell 27, 103–112, October 14, 2013 ª2013 Elsevnumber could result from an increase in deuterosomes or higher
activity at the existing deuterosomes. To address this, we
counted the number of CCDC78 positive foci in mature MCCs
and found that wild-type cells contained 1.5 (± 0.8) deutero-
somes in contrast to Cep152-overexpressing cells that con-
tained 9.6 (± 4.9) (p = 4 3 1039; e.g., Figures 1B, 1G, and 3H).
This indicates that Cep152 protein levels feedback to control
deuterosome number and subsequently centriole biogenesis.
Cep152DC Acts as a Dominant Negative to Disrupt
Centriole Amplification
Cep152 is responsible for maintaining Plk4-localization at
mother centrioles and it has been shown that an N-terminal frag-
ment of Cep152 can bind to Plk4 but fails to localize to centrioles
(Hatch et al., 2010; Sonnen et al., 2013). Overexpression of this
construct in U2OS cells sequesters Plk4 away from centrioles
disrupting centriole duplication (Sonnen et al., 2013). We drove
expression of a similar construct (xCep152DC) specifically in
postmitotic MCCs using the a-tubulin promoter and found that
it fails to localize to deuterosomes and leads to a significant
decrease in the number of centrioles generated (Figures 4E
and 4F).
If this phenotype is related to the ability of Cep152 to maintain
Plk4 at the deuterosome, similar to its role at centrioles, one
would predict that the overexpression of Plk4 would rescue
the loss of centrioles. To test this, we drove overexpression
of both Cep152DC and Plk4 in the same cells. Coexpression of
these constructs in MCCs resulted in a complete rescue of
centriole biogenesis (Figure 4E). This result suggests that, similar
to its role at mother centrioles, Cep152 is required for Plk4 func-
tion at the deuterosome. To test whether Cep152DC disrupted
the deuterosome structure, we generated mosaic embryos in
which some MCCs received Cep152DC while others were
wild-type. We saw no difference in the accumulation of GFP-
xCCDC78-positive foci in these two conditions, indicating that
the deuterosome is still present (Figure 4F).
Cep152 Localization and Function at the Deuterosome
Requires CCDC78
The colocalization of Cep152 in mature MCCs to deuterosomes,
but not centrioles, allowed us to determine the relationship
between Cep152 and CCDC78. We injected embryos with both
mRNA encoding RFP-Cep152 and the MOATG to determine the
effect of xCCDC78 depletion on Cep152-induced overamplifica-
tion of centrioles and the localization of Cep152 at the deutero-
some. The average number of centrioles in a wild-type embryo
is 165 ± 27 (Figure 4C), and increases dramatically to 465 ±
113 in the presence of RFP-Cep152 (Figure 4C). This increase
is completely abolished in the presence of xCCDC78 MOATG as
centriole numbers fall to 95 ± 32 (Figure 4C), a number similar
to when the xCCDC78 MOATG is injected alone (Figure 2D).
To explore the underlying mechanism of this result, we tested
the localization of Cep152 in CCDC78 morphants. A loss of
Cep152 localization inMCCs could reflect a specific requirement
for CCDC78 in the recruitment of Cep152 or a general loss of the
deuterosome structure. To address this, we took advantage of
the fact that Cep152 localizes to both the centrosomes of non-
MCCs (associated with Centrin4-RFP) and to the deuterosomes
ofMCCs (not associated with Centrin4-RFP; e.g., Figure 3H). Weier Inc.
Figure 4. Role of Cep152 in Centriole Amplification
(A and B) Representative images of wild-type (A) and CCDC78 morphant (B) ciliated epithelia showing colocalization of RFP-Cep152 with GFP-Centrin4 at
centrosomes in nonciliated epithelial cells (arrowheads) and the presence (A) or absence (B) of acentriolar localization in MCCs (arrows). Scale bars, 5 mm.
(C) Quantification of centriole number in wild-type embryos (n = 75), embryos overexpressing Cep152 (n = 42, p < 0.002), and embryos overexpressing Cep152 in
the presence of CCDC78 MOATG (n = 86, p < 0.002). Error bars, SD.
(D) Percentage of cells containing RFP-Cep152 localization in the centrioles of nonciliated epithelial cells and in the deuterosomes of MCCs in wild-type
(non-MCCs n = 3 embryos, 335 cells; MCCs n = 3 embryos, 72 cells) and xCCDC78 MOATG morphant embryos (non-MCCs n = 3 embryos, 396 cells; MCCs
n = embryos, 34 cells; wild-type versus MOATG non-MCCs, p = 0.08; wild-type versus MOATG MCCs, p < 0.002). Error bars, SD.
(E) Quantification of centriole number in wild-type cells (n = 35 cells from three embryos), or cells expressing RFP-Cep152DC alone (n = 34 cells from four
embryos) or in combination with GFP-Plk4 (n = 13 cells from three embryos).
(F) Image from a mosaic embryo showing the localization of GFP-xCCDC78 in acentriolar foci in both wild-type and Cep152DC-expressing MCCs (red).
(G) Image of CCDC78 morphant cell showing localization of GFP-Plk4 at both centrioles (marked with Centrin4-RFP) and at the deuterosome (no colocalization
with Centrin4). Scale bars, 5 mm.
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non-MCCs in both wild-type and xCCDC78 morphant embryos,
indicating CCDC78 is not required for Cep152s localization to
the centrosome (Figures 4A and 4B arrowheads, and 4D). In
contrast, we saw a complete loss of Cep152 foci in morphant
MCCs, suggesting that CCDC78 is required for Cep152 recruit-
ment to the deuterosome (Figures 4B and 4D). To determine if
the deuterosome is present in the morphant MCCs, we analyzed
the localization of GFP-Plk4 in these cells. We found that GFP-
Plk4 continues to localize to the deuterosome in CCDC78 mor-
phants indicating that the structure remains intact and in normal
numbers (Plk4 + MOATG = 1.0 ± 0.8, n = 21, versus Plk4 = 1.4 ±
0.7, n = 16, p = 0.15; Figure 4G). Interestingly, overexpression of
Plk4 did not rescue themorphant phenotype (MOATG = 0.40 cen-
trioles/mm2, n = 36 cells versus MOATG + PLK4 = 0.43 centrioles/
mm2, n = 18 cells p = 0.63). We interpret this lack of rescue to be
due to the lack of Cep152 at these deuterosomes (Figure 4D),
indicating the ability of Cep152 to drive an increase in centriole
biogenesis stems from its localization and function at the deuter-
osome, a feature that is lost in the absence of xCCDC78. The
presence of Plk4 but not Cep152 at the deuterosome in
CCDC78 morphants suggests that similar to cycling cells,
Cep152 is likely involved in Plk4 maintenance or function rather
than recruitment.
DISCUSSION
Centriole biogenesis in MCCs has previously been proposed to
involve an acentriolar structure termed the deuterosome. The
identification of a GFP-tagged construct of xCCDC78 that
localizes to the presumptive deuterosome has allowed for the
identification of other molecular components involved in deuter-
osome-driven centriole biogenesis. We have determined that the
deuterosome contains the main regulators of centriole biogen-
esis Plk4 and Cep152, as well as the key structural component
SAS6. These observations suggest deuterosome-mediated
centriole biogenesis is molecularly quite similar to the canonical
mother centriole-driven process.
Multiple groups have performed comprehensive RNAi-based
screens to identify regulators of centriole biogenesis (Nigg and
Stearns, 2011). CCDC78 has not previously been identified in
any of these screens, consistent with our observation that
Xenopus morphant embryos develop normally with no defects
in canonical centriole duplication. In contrast, we have identified
CCDC78 as an important component for the deuterosome-
driven centriole amplification in MCCs. Interestingly, the
depletion of xCCDC78 does not completely block centriole
amplification. This could reflect an incomplete knockdown of
xCCDC78 or compensation from the mother centriole-driven
mechanism, which we would predict to be intact in the absence
of xCCDC78.
Mother centriole-mediated centriole duplication in cycling
cells is generally restricted to S phase. However, deutero-
some-mediated centriole amplification occurs in terminally
differentiated MCCs (G1/0), suggesting that even though many
of the critical regulators seem conserved, the cell cycle regula-
tion has been modified. For example in cycling cells, the over-
expression of Plk4 leads to the generation of supernumerary
centrioles. In contrast, overexpression of Plk4 in postmitotic110 Developmental Cell 27, 103–112, October 14, 2013 ª2013 ElsevMCCs did not alter the number of centrioles generated; however,
it did rescue the loss of centrioles associated with the expression
of a dominant-negative Cep152. This result points to two conclu-
sions: first, similar to cycling cells, an interaction between Plk4
and Cep152 is critical for the regulation of MCC centriole num-
ber; and second, Plk4 function is distinct from its role in cell-
cycle-regulated centriole duplication likely due to the G1/0 state
of the MCCs.
The function of Plk4 in MCC centriole biogenesis coupled with
the observation that CCDC78 is required for Cep152 localization
to the deuterosome favors a model in which CCDC78 provides a
scaffold to which Cep152 is recruited to mediate regulation of
Plk4 and centriole biogenesis. Together, these proteins regulate
the massive centriole amplification that occurs in MCCs. How-
ever, in contrast to cycling cells in which centriole number is pre-
cisely regulated, the number of centrioles generated in MCCs
varies considerably, as does the size of the apical cell surface.
Moving forward, a fascinating question remains unanswered:
does centriole number dictate cell size or does cell size dictate
centriole number?
EXPERIMENTAL PROCEDURES
Embryo Injections, Plasmids, RNA, and MOs
The generation and injection of mRNA, plasmid DNA, and MOs into Xenopus
embryos was performed using standard techniques approved by the North-
western University Institutional Animal Care and Use Committee (Werner
and Mitchell, 2013). Centrin4-RFP (Unigene: Xl.50473) was previously
described (Werner et al., 2011). Full-length xCCDC78 (Xl.4890), SAS6
(xl.33005), and Plk4 (xl.56605) were amplified from stage 17 Xenopus cDNA,
and Cep152 (Xl.13956) and hsCCDC78 (hs.381943) were amplified from com-
mercial clones (Open Biosystems) and cloned into the pCS2 vector containing
GFP or RFP. Cep152DC was generated by PCR using the coding sequence of
the first 306 amino acids (out of 1,664) of xCep152.
Tissue Culture and Transfection
RPE-1 cells were transfected as previously described (Tanos et al., 2013),
fixed in 20C methanol, and stained with appropriate antibodies (see Table
S1) and DAPI (Invitrogen).
Immunofluorescence, Microscopy, and Quantification
Embryo fixation, antibody staining, and microscopy (Nikon-A1R confocal with
603 Plan Apo, 1.4NA objective) were performed as previously described
(Werner and Mitchell, 2013). See Table S1 for antibodies. Quantification of
centriole number, distance from deuterosome, cell size, or presence of
Cep152 was performed manually in Nikon Elements software. Quantification
of flow velocities was performed as previously described (Werner andMitchell,
2013). Statistics were performed using two-tailed t tests with the exception of
Figures S1C and S3A, in which we calculated the Chi square values to deter-
mine the p value.
MTEC Culture, Lentiviral Infection, and Microscopy
Preparation ofMTECs, lentiviral induction of hsCCDC78-GFP, immunofluores-
cence, confocal microscopy, and transmission EM were performed as previ-
ously described (Vladar and Stearns, 2007; You et al., 2002). All procedures
involving mice (C57BL6/J, The Jackson Laboratory) were approved by the
Stanford University Institutional Animal Care and Use Committee in accor-
dance with established guidelines for animal care.
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